Infant formulas are often heat sterilized in hospitals where water contamination or nosocomial infection is a concern, but there are few studies of the effect of high heat on the nutritional value of infant formula. In particular, the effect of heat sterilization on free amino acid (FAA) concentrations is seldom discussed. In view of the importance of these nutrients for infant growth, we investigated the FAA concentrations of infant formula after heat sterilization. Powdered infant formulas were reconstituted with hot water (801C) in glass bottles and placed in an autoclave for 5 min at 1051C and 5600 kg/m 2 of pressure. Additional samples of formula were prepared by conventional methods to serve as controls. After autoclaving, we measured the FAA concentrations with ion exchange chromatography. The results were compared with those obtained after conventional preparation. We found a 19.5% lower amount of total protein after autoclaving compared with conventional preparation. Concentrations of total FAA were significantly lower after autoclaving (696.57101.4 vs 899.47152.2 mmol/l, P ¼ 0.01). The concentrations of individual amino acids were also lower in autoclaved infant formulas, with differences ranging from À4.1 to 71.5% (mean 22.6%). Concentrations of certain amino acids were more than 30% lower, such as valine (71.5%), citrulline (61.1%), glutamine (60.6%), ethanolamine (54%), and lysine (39.2%). Both essential and nonessential amino acids were similarly affected by autoclaving, 28.17 and 27.13%, respectively, lower than in controls (P ¼ 0.37). The concentration of ammonia was significantly higher after autoclaving (645.2776.2 vs 393.27140.7 mmol/l, P ¼ 0.0003). However, the urea level was significantly lower after autoclaving than after conventional preparation (1110.87162.7 vs 1426.57209.5 mmol/l, P ¼ 0.0004). The accumulation of ammonia may reflect degradation of protein and amino acids. Autoclaving clearly results in decreased concentrations of FAA in infant formula. The increased concentration of ammonia after autoclaving is of concern if it leads to deleterious effects.
Introduction
Although breast-feeding is considered superior to formula feeding for normal infants, many infants still receive formula from birth. Infant formulas are often heat sterilized in hospitals where water contamination or nosocomial infection is an issue, especially in developing countries and when large quantity of prepared milk is needed daily for nursery and hospitalized infants. However, only a few studies have investigated the effect of heat on the nutritional value of infant formula (Adrian, 1974; Kilshaw et al., 1982; Gerber et al., 1983) . High heat has been shown to cause substantial loss of several vitamins, including thiamin, vitamin B6, ascorbate, folate, and vitamin B12. The dehydro form of ascorbate, which is produced on heating milk, is involved in oxidative reactions affecting folate and vitamin B12 (Adrian, 1974; Kilshaw et al., 1982) . Other investigators, however, have argued that heat treatment has no serious harmful effects on nutritional value, apart from the destruction of heat-labile vitamins, which can easily be supplemented (Langhendries et al., 1992; Angelino et al., 1999) . What is lacking are the studies of the effect of heat sterilization on the free amino acid (FAA) content of infant formula. In view of the importance of FAA for infants' nutrition and growth and the fact that FAA content in part reflects on protein quality, we designed this study to investigate quantitative changes in protein and FAA content in autoclaved infant formula.
Materials and methods
We used samples selected from 25 commercially available powdered infant formulas. The formulas were prepared according to the manufacturer's instructions. The samples were reconstituted with hot water (801C) in glass bottles and placed in an autoclave at a temperature of 1051C at a pressure of 5600 kg/m 2 for 5 min. The automatic autoclave was preset for temperature, pressure, and time. After autoclaving, the bottle caps were tightened under strict aseptic techniques to prevent bacterial contamination. We analysed all samples immediately after they had cooled to room temperature. Samples were deproteinizied with 30% sulphosalicyclic acid and centrifuged at 10 000 g for 10 min. The supernatant was filtered by using a microspin filter reservoir (0.2 mm). We measured the FAA content after autoclaving with ion exchange chromatography. The total protein in each sample was measured by the Lowry method at a wavelength of 500 nm (Hartree, 1972) . Amino-acid analysis was performed by using a high-performance amino-acid analyzer (System 6300, Beckman Instruments, Fullerton, CA, USA) with the method we described previously (Chuang et al., 1998 (Chuang et al., , 2005 .
Another 25 samples of formula were prepared conventionally to serve as controls. These samples were reconstituted with warm water (371C) in glass bottles but not autoclaved. The glass bottles were autoclaved before they were used to hold the formula. The total protein, FAA content, and individual FAA were measured in the same way as for the autoclaved samples.
Statistical analysis of differences in total protein, individual FAA, urea, and ammonia concentrations was done using the Student's t-test. Statistical significance was defined as a P of o0.05.
Results
All the formula samples looked slightly brown after autoclaving. There was 19.5% less total protein after autoclaving compared with conventional preparation (2.0170.28 vs 2.5070.35 g/dl). Concentrations of total FAA were also significantly lower in the autoclaved samples (696.57101.4 vs 899.47152.2 mmol/l, P ¼ 0.01) ( Table 1 ).
The percent difference in individual FAA concentrations ranged from À4.1 to 71.5% (mean 22.6%), all lower in the autoclaved samples compared with controls except serine and histidine (Figures 1 and 2 ). Autoclaving resulted in concentrations of FAAs that were lower than in controls by the following percentages: valine (71.5%), citrulline (61.1%), glutamine (60.6%), and ethanolamine (54%). Other essential FAAs, such as lysine, methionine, isoleucine, were more than 30% lower after autoclaving, and threonine, leucine, tryptophan, arginine were lower by more than 20%. Concentrations of nonessential FAAs were also considerably lower after autoclaving, such as glutamine (60.6%), cystine (33.8%), glycine (33.7%), proline (28.8%), and alanine (28.4%). Mean concentrations of essential and nonessential FAA were lower to about the same degree in autoclaved milk (28.17 and 27.13%, P ¼ 0.37), compared with the mean values in controls.
We also measured the concentrations of ammonia and urea and found a significantly higher concentration of ammonia in autoclaved vs control milk (645.2776.2 vs # P-value ¼ 0.01 (for total amino acids). *P-value o0.05 (for individual amino acid).
393.27140.7 mmol/l, P ¼ 0.0003) (Figure 3 ). The accumulation of ammonia may reflect degradation of protein and amino acids. However, the concentration of urea was significantly lower in autoclaved (1110.87162.7 mmol/L) vs control samples (1426.57209.5 mmol/L, P ¼ 0.0004) (Figure 3 ).
Discussion
The purpose of sterilization is to eliminate bacterial pathogens that may contaminate water, bottles, or nipples used in the preparation and administration of infant formula. At the present time, pediatric textbooks and the instructions from several infant formula companies recommend sterilization when mixing formula from concentrate or powder or when adding ready-to-feed formula to bottles (Gerber et al., 1983; Feder and Pugno, 1986) . It is well established that, in the Maillard reaction after heat treatment, lysine is lost through its interaction with reducing sugars to form biologically unavailable deoxyketosyl derivatives (Adrian, 1974; Desrosiers and Savole, 1994) . However, there is little published information on the reduced availability of amino acids other than lysine, especially in infant formulas. This study was designed to investigate the effect on all FAA after heat treatment, and we found that the concentrations of most FAA were considerably reduced.
Our study showed an apparent 19.5% decrease in total protein in infant formula treated with autoclaving. This sterilization method produced a 39.2% lower concentration of lysine than in conventional preparations, a greater difference than in previously published data (21% loss at 1211C) (Kilshaw et al., 1982) . The impact of the Maillard reaction on FAA availability is greatly influenced by temperature, heating period, pH, water activity, and the nature and level of sugars (Baltes, 1982) . We found a 22.6% mean loss of FAA, with valine showing the greatest decline at 71.5% lower than in control samples. This was followed by citrulline (61.1%), glutamine (60.6%), and ethanolamine (54%). The destruction of aspartic acid, threonine, leucine, tyrosine, phenylalanine observed in our study (10-18%) was in accordance with the observations made by Desrosiers and Savole (1994) .
However, our study showed a greater decline (30-70%) in the concentrations of glutamine, glycine, citrulline, valine, cystine, methionine, isoleucine, homocystine, ethanolamine, and ornithine as compared to the results of previous studies (Hurrell and Carpenter, 1977; Desrosiers and Savole, 1994 ). Desrosiers and Savole had shown that only excessive heat treatment (1211C) of liquid formula significantly reduced the availability of aspartic acid, threonine, serine, glutamic acid, glycine, isoleucine, leucine, tyrosine, and phenyalanine by 10-18% (Desrosiers and Savole, 1994) . These authors stated that advanced Maillard damage could destroy large proportions of lysine, arginine, and, to a lesser extent, other FAA such as cystine. The discrepancy Negative effect of heat sterilization on infant formula C-Y Yeung et al between our results and those of others may be due to different heating conditions. We used autoclaving, involving both high temperature and high pressure, and we believe the high pressure may influence or enhance the Maillard reaction. Previous studies showed that heat treatment at 1211C caused marked browning of milk and reduced the available lysine content by 21%. Natural human and bovine milk protein contains similar amount of lysine, so this reduction after heat treatment may appreciably impair the nutritional protein quality of both milk (Mauron, 1990; Alkanhal et al., 2001) . With increasing severity of heat treatment, the Maillard reaction progresses beyond the deoxyketosyl stage, affecting not only lysine but also all FAA. The reduced availability observed for aspartic and glutamic acids, threonine, cystine, methionine, histidine, and lysine after severe heat treatment may be explained by interaction within protein segments. This advanced Maillard reaction may have additional undesirable consequences for nutrition (Kilshaw et al., 1982; Adrian, 1974; Rigo et al., 1994) . The FAA composition or bioavailability in formulas may also be altered during processing and enzymatic hydrolysis (Donovan and Lonnerdal, 1989; Recio and Olieman, 1996; Needs et al., 2000) .
Essential vs nonessential amino acids
Previous studies have not shown major differences in the change in concentrations of essential compared with nonessential FAAs (Desrosiers and Savole, 1994; Lonnerdal and Hernell, 1998; Alkanhal et al., 2001) . Our results are in agreement, with essential FAAs 28.17% and nonessential FAAs 27.13% lower after autoclaving than in formula treated with conventional preparation (P ¼ 0.37).
Our previous research showed that human milk contains about three times the amount of total FAA as infant formula, including both essential and nonessential FAAs (Chuang et al., 2005) . While glutamic acid and taurine are the two most abundant FAAs in human milk, accounting for more than 55% of total FAA, free taurine alone accounts for half the FAA in infant formula, and glutamic acid is third on the list. Similar results have been found by others (Agostoni et al., 2000; Ferreira, 2003) . It has been suggested that these differences in glutamic acid, glutamine, and taurine may contribute to differences in enteral mucosa protection, neurotransmitters, and nitrogen supply in infant-fed infants (Windmueller, 1982; Chesney et al., 1998; Agostoni et al., 2000) .
Ammonia and urea
We found that there was a higher ammonia concentration in autoclaved formula when compared with conventional preparation (645.2776.2 vs 393.27140.7 mmol/l, P ¼ 0.0003). Ammonia is a product of amino-acid metabolism and therefore of protein metabolism. Considerable ammonia is also absorbed from the intestinal tract, where it is formed by bacterial degradation of dietary proteins and the urea present in gastrointestinal secretions. A number of animal and human studies have shown that excess ammonia exerts toxic effects on the central nervous system. The accumulation of ammonia in our study may reflect substantial degradation of protein and FAA autoclaving. Recent research had shown that over 50% of patients with plasma ammonia values over 200 mmol/l have inborn errors of metabolism (Chow et al., 2004) . One wonders if the accumulation of ammonia in infant formula might cause an artefactual rise in plasma ammonia level, leading to unnecessary diagnostic testing. The effect of higher ammonia concentrations in formula on blood levels in infants should be investigated, as well as possible direct influences of a large ammonia load on health.
In our study, the urea level was significantly lower after autoclaving than after conventional preparation (1110.87162.7 vs 1426.57209.5 mmol/l, P ¼ 0.0004). The reason for this decrease is not clear. Metwalli et al. (1998) found that there was a rise of homocitrulline concentration in heated milk, homocitrulline arised from the reaction between cyanate and the epsilon-amino group of lysine residues. Cyanate was considered deriving from heatinduced urea breakdown in milk. It seemed that urea in formula was further degraded into cyanate after heat treatment resulting a decreased urea concentration in our study. In order to confirm our hypothesis, the concentration of cyanate in autoclaved milk should be further investigated besides the fact that cyanate was hazard to human beings. Moreover, most ammonia in the body is ultimately disposed of as urea, which is formed by the urea cycle in the liver subsequent to the synthesis of carbamyl phosphate. It would be worth investigating whether the higher ammonia load in autoclaved formula results in an increase in infants' blood urea nitrogen.
Questions about nutrition
Our findings suggest that, besides degradation of proteins, autoclaving results in a substantial decrease in FAAs. During maturation of tissue, protein deposition is achieved with high nutritional efficiency. FAA equilibrium is tightly regulated by transfer of nitrogen from FAA in excess to those that are deficient (Reeds et al., 2000; Reeds and Garlick, 2003) . An adequate supply of sufficient FAAs in infancy is thus crucial for the long-term well-being of the child. When an inadequate mixture of FAAs is fed, the rate of protein synthesis, the FAA metabolic response, and ultimately growth may be adversely affected (Duffy et al., 1981; Pencharz and Ball, 2003) . Based on our current knowledge, it seems likely that while infant formula requires treatment to reduce microbial contamination, the process used should be one that spares important components of the milk.
Our concern about the nutritional value after autoclaving is whether, after heat treatment, each FAA is present in the infant formula in an amount that would satisfy the infant's needs. At present, we only have recommended daily protein values and suggested protein concentrations in infant formula. There are, however, no recommendations on infant's daily requirements of individual FAA or minimal FAA concentrations in infant formula. We indeed showed a significant decrease in protein (19.5%) and in most of FAA concentrations after autoclaving, which raises concerns about a potential influence on infants' nutrition and growth if autoclaved formula were used for a prolonged period. Fortunately, most infants are hospitalized for only a few days, so that such influence might be minimal. However, more data is needed if we are to insure provision of adequate nutrition to infants requiring long-term hospitalization.
Conclusion
Over the past 25 years, there has been continued debate over the need for routine sterilization of infant formula in an era when (1) practically all milk and formula consumed by infants in Taiwan is subjected to some form of heat treatment, (2) refrigeration is available to almost everyone, and (3) virtually all urban water supplies are filtered and chlorinated. Nevertheless, standard pediatric textbooks continue to recommend routine sterilization of infant formula, as do many pediatricians in our communities. Although the presence of certain spore-forming bacteria makes true sterilization of formula at home impractical, aseptic sterilization has been generally accepted by pediatricians as the best method of formula preparation.
Autoclaving reduces FAA concentrations in infant formula and increases the concentration of ammonia. Given the fact that formula is already a less-than-ideal substitute for breast milk, we believe it is unwise to use a high heat treatment indiscriminately in the preparation of formula. Such treatment may further degrade nutritional quality in an uncontrolled manner. Future study is needed to compare growth parameters, biochemical indices of protein metabolism, and plasma FAA and ammonia concentrations in infants fed autoclaved formula compared with other types of feeding.
